A new type of ratiometric fluorescent probe, 8-(diethylamino)-2-methyl-4-oxo-4H-pyrano [2,3-b] chromen-10-ylium tetrafluoroborate (APCT), is reported. A new type of ratiometric fluorescent probe, 8-
Introduction
As one kind of main environmental air pollutant, sulfur dioxide (SO 2 ) is mainly derived from human activities such as burning of fossil fuel, paper pulp manufacturing and metal processing, causing mortal threats to human health.
1 SO 2 inhaled by human beings will be hydrated to the corresponding bisulte (HSO 3 À ) and sulte (SO 3 2À ) derivatives in the neutral physiological environment.
2 In daily life, bisulte and sulte (HSO 3 À / SO 3 2À ) play an important role in food, beverages, and pharmaceutical products, because they can prevent oxidation, and microbial reactions during production and storage.
3 Epidemiological studies have indicated that frequent exposure to SO 2 , not only gives rise to a variety of respiratory tract reaction, 4 but also is related to cardiovascular diseases, 5 lung cancer and many kinds of neurological disorders. 6 However, as an important gaseous signal molecule, endogenous SO 2 , which can be produced by sulfur-containing amino acid, can together with nitric oxide (NO) as vasodilator substance to regulate the vascular smooth muscle.
7 Taking into account the close relationship between SO 2 derivatives and human health, there is urgently needed to develop simple, high selectivity and selectivity method for detecting of HSO 3 À /SO 3 2À ion and make further efforts to elucidate their detailed biological and pharmacological functions.
Compared with traditional detection method, uorescent probes and imaging techniques have a number of signicant advantages including simple sample pretreatment, rapid response time, high sensitivity and suitable for highthroughput screening application.
8 Therefore, in recent years, uorescent probes are increasingly considered as one of efficient tools for monitoring cations, anions and biomolecules.
9
To date, a large quantity of uorescent probes capable of selective response to SO 2 and its derivatives have been reported based on three disparate approaches, including aldehydes 10 or Michael-type addition reaction, 11 levulinate esters cleavage reaction 12 and coordinative interactions. 13 However, some of the reported SO 2 -specic uorescent probes suffer from low selectivity over reactive sulfur especially for biothiols and slow response time, which greatly limits their biological applications. Additionally, some SO 2 -specic uorescent probes are developed on the basis of uorescence enhancement or quenching of a single uorophore and have many limitations such as probe concentration, environmental effects, excitation power and detector sensitivity.
14 In order to get over the limitations, ratiometric uorescent probes are desirable because they can effectively eliminate external interferences by selfcalibration two emission bands.
15 As a consequence, developing novel ratiometric uorescent probes for detection of HSO 3 À /SO 3 2À is of great importance.
In this paper, we described the synthesis of a novel ratiometric uorescent probe (APCT) for HSO 3 À /SO 3 2À based on
Michael-type addition reaction. The probe displayed high selectivity for detection of HSO 3 À /SO 3 2À over other interfering species with detection limit down to 6.1 Â 10 À7 M. Meanwhile, upon treatment with HSO 3 À , the uorescence emission peak of the probe exhibited an obvious blue shi from 560 nm to 510 nm. The sensing mechanism research showed that the conjugate structure of probe-APCT was destroyed. Preliminary cell experiments also conrmed that probe-APCT could be used for intracellular HSO 3 À detection.
Experimental

Chemicals and apparatus
All reagents and solvents were purchased from commercial suppliers and used without further purication. Distilled water was used in the experiment aer passing through a water ultrapurication system. Reactions were monitored by TLC. Column chromatographic were carried out using 200-300 mesh silica with the proper solvent according to TLC using UV light to visualize the reaction components. The uorescence spectra and relative uorescence intensity were measured by a Shimadzu RF-5301 spectrouorimeter, the excitation wavelength was 465 nm for all uorescence measurements, the excitation slit width and the emission slit width set at 3 nm. UV-Vis absorption spectra were measured using a Shimadzu UV-2700 spectrophotometer. 1 H NMR and 13 C NMR spectra were recorded on a BRUKER 400 spectrometer. The pH was measured with a PHS-3C acidometer. Electrospray mass spectra (ESI-MS) were recorded on Agilent 1100 Series. Cells images were obtained using CLSM TCS SP5 (Leica, Germany).
Synthesis of APCT
In a 50 mL round-bottom ask, 4-hydroxy-6-methyl-2H-pyran-2-one (1.26 g, 10 mmol) and 4-(diethylamino)-2-hydroxybenzaldehyde (2.32 g, 12 mmol) were dissolved in ethanol (20 mL) and the resulting mixture was stirred at 80 C for 4 h. Aer cooling to room temperature, the red solid was collected by suction ltration and then recrystallized from ethanol to afford the desired product C1 as red powder (2.45 g, yield 70%). Compound C1 (602 mg, 2 mmol) and boron triuoride ethyl etherate (283.5 mg, 2 mmol) were mixed in component solvent (acetic acid/acetic anhydride ¼ 3 : 1, 9 mL/3 mL, v/v), and the resulting solution was reuxed until completion of the reaction (monitored by TLC). The red solid precipitated upon cooling was collected by suction ltration and then washed with methyl tert-butyl ether to afford the target uorescent probe-APCT (515 mg, yield 60% 190.3, 176.3, 158.8, 158.5, 155.1, 149.2, 133.9, 111.5, 109.2, 105.8, 98.9, 96.1, 44.9, 24.3, 12.4 ) were prepared in twice distilled water. All of anions were prepared from their sodium salts. The resulting solution was kept at room temperature (25 C) and then the absorption or uores-cence spectra were recorded.
Cell culture and imaging
HeLa cells were cultured in Dulbecco's Modied Eagle Medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS), 100 units per mL of penicillin and 100 units per mL of streptomycin at 37 C in a CO 2 incubator, and culture media were replaced with fresh media every day. The HeLa cells were pretreated with 100 mM HSO 3 À , and then further incubated with 10 mM of probe-APCT for 30 min at 37 C. In the control experiment, HeLa cells were incubated with 10 mM of probe-APCT for 30 min at 37 C. The cells were washed three times with PBS buffer before cell uorescence imaging experiments with confocal laser scanning microscopy.
Results and discussion
The synthesis of the target uorescent probe (APCT) was shown in Scheme 1. According to the designed route, compound C1 was synthesized via the condensation of 4-(diethylamino)-2-hydroxybenzaldehyde and 4-hydroxy-6-methyl-2H-pyran-2-one. Followed by the hemiketal, dehydration, aromatization with boron triuoride diethyl etherate, a new heterocyclic molecule APCT was prepared.
Spectroscopic properties
For practical applications, a short response time was an important parameter for the target probe. Fig. 1 displayed timedependent uorescence emission spectra of probe-APCT in the presence of HSO 3 À . It can be clearly seen that stable uores-cence signal of the probe at 510 nm and 560 nm was obtained in approximately 5 min. In view of time-dependent uorescence emission characteristics of the probe, the following uores-cence measurements were performed about 5 min aer addition of HSO 3 À . With the probe in hand, we rst carried out the UV-Vis and uorescence titration experiment in pH ¼ 7.4 Tris buffer solution containing 70% DMSO (v/v). As demonstrated in Fig. 2A , upon increasing of HSO 3 À amount (6 equiv.), the peak at 510 nm gradually decreased and the low-energy region of 300-Scheme 1 Synthesis of the target fluorescent probe-APCT.
375 nm increased accompanied by the emergence of a welldened isosbestic point at 445 nm, as well as a noticeable color change from orange-red to yellow. The appearance of new isosbestic point suggested that the interaction of HSO 3 À and the probe was one-to-one conversion to form a new compound. Subsequently, upon the addition of HSO 3 À , the marked uo-rescence enhancement of the peak at 510 nm at the expense of the peak at 560 nm was observed in Fig. 2B . The color of the solution gradually turned from yellow to green under a 365 nm UV lamp. Fluorescence analysis revealed that the uorescence quantum yield changed from 0.14 to 0.06 (using FITC as a reference, F FL ¼ 0.92 in 0.1 M NaOH) before and aer the addition of 6 equiv. HSO 3
À
. All the results showed that the asprepared probe could be suitable for colorimetric detection of HSO 3
À by naked-eyes.
Moreover, we could see from the uorescence titration experiment that the ratiometric responses (I 510 /I 560 ) of probe-APCT kept a balance and unchanged aer addition of 6 equiv. HSO 3 À (Fig. S1 †) . As shown in Fig. 3 , a good linear relationship between I 510 /I 560 and the concentration of HSO 3 À in the range of 20-120 mM (R 2 ¼ 0.983) was displayed. The detection limit (S/N ¼ 3) of 6.1 Â 10 À7 M of the probe was determined according to the uorescence titration results, which was comparable to most of the reported SO 2 -specic uorescent probes (Table S1 †).
The selectivity
In order to evaluate the selectivity of probe-APCT toward HSO 3 (Fig. S2 †) . As illustrated in Fig. S3 , † upon addition of HSO 3 À , changes of uorescence intensity ratio (I 510 /I 560 ) reached up to 35-fold compared to the free probe. In the same test condition, the addition of interfering species only caused a negligible increase in uorescence intensity ratio (I 510 /I 560 ) except a moderate value was detected for SH À . Furthermore, the competitive experiment also carried out in the presence of 6 equiv. HSO 3 À and 6 equiv.
interfering species. It can be clearly seen from Fig. 4 that the ratiometric uorescence signal response of the probe almost unaffected by interfering species. The above results suggested that the as-prepared probe could highly selective recognize HSO 3 À /SO 3 2À over other interfering species. The effects of pH on the uorescence intensities of probe-APCT were investigated at different pH values. We rst evaluated the stability of the probe at pH from 3.0 to 10.0. As can be seen from Fig. S4 , † there was virtually no change in the uorescence intensities at 560 nm and 510 nm in the range of pH 3.0-7.0. The uorescence intensity at 560 nm reduced dramatically under alkaline conditions, probably due to the nucleophilic addition of OH À . In the presence of 6 equiv. HSO 3 À , the uo-rescence intensity at 510 nm appeared remarkable enhancement and achieved maximum at pH 7.4 (Fig. 5) . Overall, probe-APCT had the capability to be used for detection of HSO 3 À in physiological environment.
Sensing mechanism
To gain further insight into the reaction mechanism of probe-APCT and HSO 3 
Cellular imaging
Encouraged by the above experiment results, we further investigated the practicability of the probe for intracellular HSO 3 À . Firstly, the cytotoxicity of the probe was investigated by a standard CCK-8 assay. 16 The experiment results suggested that the probe exhibited low toxicity on HeLa cells (Fig. S6 †) . Finally, the applicability of probe-APCT for detection of HSO 3 À in living cells via confocal laser scanning microscopy (CLSM) was conrmed. The uorescence images data of HeLa cells incubated with probe-APCT was obtained in the absence and presence of HSO 3 À (Fig. 7) . In a typical imaging experiment, HeLa cells incubated with 10 mM free probe emitted moderate red uorescence and faint green uorescence with exciting of 405 nm laser, suggesting that the as-prepared probe have a good cell permeability and suitable for intracellular HSO 3 À sensing.
When HeLa cells was pre-treated with 100 mM HSO 3 À , and then further incubated with 10 mM probe-APCT for 30 min, green uorescence emission markedly enhanced and red uorescence visibly diminished at the excitation wavelength of 405 nm. The preliminary cell experiment results demonstrated the usefulness of probe-APCT in detecting intracellular HSO 3 À .
Conclusions
In conclusion, we have developed a new type of ratiometric uorescent probe, namely APCT, for HSO 3 À via the Michael-type addition reaction. The probe can discriminate HSO 3 À from other interfering species with high selectivity and sensitivity. The detection limit of the probe for HSO 3 À is 6.1 Â 10 À7 M.
Additionally, in live cell imaging experiment, the probe give rapid uorescence changes in red and green channels, revealing the capability of the probe for intracellular HSO 3 À sensing.
